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We demonstrate a stable CMOS-compatible on-chip multiple-wavelength source by filtering and 
modulating individual lines from a frequency comb generated by a microring resonator optical 
parametric oscillator.. We show comb operation in a low- noise state that is stable and usable 
for many hours. Bit-error rate measurements demonstrate negligible power penalty from six 
independent frequencies when compared to a tunable diode laser baseline. Open eye diagrams 
confirm the fidelity of the 10 Gb/s data transmitted at the comb frequencies and the suitability of 
this device for use as a fully integrated silicon-based WDM source. 



Silicon-based integrated photonics aims to deliver on-chip 
optical communications networks with bandwidths or- 
ders of magnitude larger than electronic networks. As 
the microelectronics industry moves to multi-core and 
multi-processor chips, CMOS-compatible photonics will 
replace much of the electronic communications back- 
bone. A key benefit of optical communication systems is 
wavelength-division multiplexing (WDM) which enables 
a single waveguide to carry multiple data streams and 
is essential to reach the full bandwidth potential of pho- 
tonic integrated circuits. Many components necessary for 
on-chip optical interconnects such as filters [T], modula- 
tors [5], switches [3j and detectors |1] have been demon- 
strated over the past decade. However, an integrated 
silicon on-chip source capable of generating the many 
wavelengths necessary to drive the network has been elu- 
sive. Because silicon is an indirect band gap material, 
approaches thus far have focused on integrating III-V 
active devices by bonding, such as microdisk lasers [5] or 
a hybrid waveguide 0. Although both methods can be 
replicated on-chip to generate multiple wavelengths, scal- 
ing to the hundreds of wavelengths envisioned by optical 
network architectures [71 quickly becomes power hun- 
gry and space consuming. All-optical approaches have 
included utilizing the Raman effect in silicon [S]. Al- 
though this process can be cascaded [10] , the wavelength 
separation is determined by the Raman shift which is 
inadequate for WDM standards. 

In contrast, we recently demonstrated a fully inte- 
grated CMOS-compatible optical parametric oscillator 
(OPO) [TT] using a silicon nitride microring resonator. 
The device produces a comb of wavelengths evenly spaced 
in frequency, as determined by the resonator free spec- 
tral range (FSR), with a single pump input. This source 
could readily be used as an on-chip multiple wavelength 
source matched to the telecom WDM standards. 

In this work, we examine the characteristics of the gen- 
erated comb lines of the Si3N4 OPO and analyze their 
fidelity as WDM sources. In principle, the highly nonlin- 



ear process used to generate the comb could induce signal 
and noise. The parametric process which generates the 
new wavelengths also induces a distinct phase relation- 
ship between the generated comb lines [T2|T3]. Addition- 
ally, the large quality factor, Q, of the resonator leads 
to high circulating powers. The large intensities could 
also induce instability in the system due to the sensitiv- 
ities of both the parametric gain and cavity lineshape to 
power and temperature fluctuations. Therefore, a robust 
measurement of the generated frequencies is required to 
demonstrate the usefulness of the on-chip source. Note 
that previous works have shown comb generation using 
parametric gain in microresonators [TTl IT31116) . but an 
analysis of the fidelity and stability of encoded data on 
filtered individual comb lines has not yet been examined. 

The bit-error rate (BER) measurements are performed 
on a 116- Jim radius SigN^ ring resonator OPO that gen- 
erates over 100 new wavelengths across a 200 nm span 
(Figure [T]) by pumping the cavity at a resonance near 
1541 nm. The intrinsic Q of the ring is on the order 
of 10^ which induces a cavity enhancement of the input 
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FIG. 1. Optical spectrum of the generated frequency comb at 
the output of the Si3N4 waveguide with a pump wavelength 
of 1541 nm. The comb is in a stable low-noise state with 
this spectrum and we are able to manipulate and process the 
generated frequencies when filtering out the pump. 
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pump by a factor 200. Utilizing the nonlinearity of the 
sihcon nitride, signal and idler wavelengths initially os- 
cillate at either side of the pump at a threshold power 
level at which the parametric gain induced by the pump 
is greater than the cavity loss at some neighboring res- 
onance. After threshold, 50 mW [TT], with increased 
pump power cascaded four-wave mixing generates new 
frequencies at each cavity resonance. Recently, we have 
shown that the spacings between these frequencies are 
even to within 1 part in 10^^ of the center frequency [T5] . 
In our previous studies, we have shown spectrally flat 
and very broad frequency combs spanning 2/3 of an oc- 
tave. The broadband combs can exhibit a high level of 
intensity noise measured with an RF spectrum analyzer 
indicating that the generated wavelengths are unstable 
in frequency and amplitude. 

We achieve stable operation of the comb by tuning the 
pump wavelength to a spectral point in the microring 
resonance where the comb intensity noise drops. We tune 
the pump laser into resonance from the '"blue-detuned"' 
side to avoid thermal bistability. As we tune into the 
resonance the RF intensity noise drops by more than 25 
dB and measurement of the temporal output suggests 
the comb is mode-locked [T3| • In this low- noise operation 
state, a stable comb can be maintained for hours. 

We filter and modulate individual wavelengths gener- 
ated in the ring resonator and measure the BER and 
power penalty at 10-Gb/s. The output of the chip is 
collected and sent through a bandpass filter to isolate 
a 10-nm spectral range consisting of six newly gener- 
ated wavelengths. The power at each wavelength cou- 
pled from the ring to the bus waveguide is on the order of 
1 mW; however, the inefficiency of our off-chip collection 
and filtering require amplification for further processing. 
Therefore, we use a low-noise erbium-doped fiber ampli- 
fier (EDFA) to increase the power of the filtered comb 
lines. We then use a 1 nm tunable filter to select individ- 
ual wavelengths. We modulate the selected wavelength 
with a lithium niobate Mach-Zehnder modulator driven 
by a pattern generator to imprint a 2'^^ — 1 non-return-to- 
zero psuedo-random bit sequence (PRBS) at a data rate 
of 10 Gb/s. The modulated signal is then sent to either 
a sampling oscilloscope to generate eye diagrams or to a 
variable optical attenuator (VOA), then into a 10 Gb/s 
lightwave receiver and a bit-crror-rate tester (BERT). For 
the baseline measurement of our set-up, we modulate a 
tunable external cavity diode laser, operating at a wave- 
length near the filtered comb lines. 

In the low-noise mode-locked state, we measure negli- 
gible power penalty of the filtered comb lines demonstrat- 
ing suitability of the source for an on-chip WDM network. 
The BER as a function of received optical power is plot- 
ted in Figure[2j We observe a negligible power penalty for 
the tested comb lines as compared to the baseline across 
a 30- nm span, where power penalty is defined as the 
difference in received power at 10~^ errors between the 



baseline and test data. Additionally, we achieve error- 
free operation, that is a BER less than 10~^^ for the 
generated wavelengths. Although we expect the BER to 
be linear with received power, we observe a slight cur- 
vature in the data. Since the curvature is the same for 
the baseline and data measurement we conclude it orig- 
inates from our test equipment and is not fundamental 
to the microring wavelength generator. Additionally, we 
transmit data from one of the comb lines through a 10 
km spool of optical fiber to show suitability for long-haul 
optical communications. In this case, we incur a very 
small power-penalty in reference to the same comb line 
without the added fiber. 

Open eye diagrams confirm the low power penalty of 
the modulated spectral lines. Figure |3] shows the eye di- 
agram for each comb line on which we performed BER 
measurements. As expected, the 10 Gb/s signal shows up 
clearly on the oscilliscope with minimal noise and no clos- 
ing of the pattern eye. Therefore, we have independently 
filtered and modulated this comb line without distortion 
from generated neighbors. 

In summary, we characterize the performance of the 
multiple wavelength source generated from a microring 
resonator OPO and show that it is suitable for an 
on-chip optical communications network. The frequency 
comb used in this experiment had a line spacing of 200 
GHz. We can tune this parameter by modifying the 
resonators radius, which allows for great flexibility in 
channel spacing and the potential to meet standard 
WDM specifications. Although in this work filtering and 
modulation are done off-chip, through the incorporation 
of cascaded silicon electro-optic ring resonators |17j . 
the same functionality can be performed on-chip for 
a completely integrated system. In that case, each 
silicon ring modulator would be aligned to one of the 
hundreds of generated wavelengths to enable on-chip 
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FIG. 2. BERT measurements of the filtered comb lines. 
The cw reference measurement acts as a back-to-back baseline 
with which to compare the modulated comb lines. We note 
error-free operation of the comb lines and a minimal power 
penalty measured at a bit-error-rate of 10~^ 
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FIG. 3. Eye diagrams for the six measured comb lines gen- 
erated by the microcavity for (a) 1568 nm (b) 1573.2 nm (c) 
1576.6 nm (d) 1578.3 nm (e) 1585.2 nm and (f) 1597.5 nm. 
The clean and open eye confirms the BER data showing no 
power-penalty. 



data transmission rates of over 1 Tb/s. 
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